form  Approved 
OMB  Ho.  Q7 04-01 88 


lb.  RESTRICTIVE  MARKINGS 
None 


3.  DISTRIBUTION /AVAILABILITY  OF  REPORT 
Unlimited 


.  MONITORING  ORGANIZATION  REPORT  NUMBERLS)  .  7 

»*-  «  B  -  1  < 


6b.  OFFICE  SYMBOL  I  7a.  NAME  OF  MONITORING  ORGANIZATION 
(If  applicable)  f 


5C  AODRESS  (Oty,  State,  and  ZIP  Code) 

Department  of  Electrical  Engineering 
Los  Angelas,  CA  90089-024L 


3a.  NAME  OF  FUNDING  ■  SPONSORING 
ORGANIZATION 

AFOSR 


3c  AODRESS  (City,  State,  and  ZIPCode ) 

AFOSR/NE 

Soiling  AF3  Washington,  DC  10132 


7b  ADDRESS (City,  Stare.  and  ZIPCode) 

AFOSR/NE 

Bolling  AFB  Washington,  DC  20332 


9  PROCUREMENT  .NSTRoMENT  DENTIF'CATION  NUMBER 

AF0SR-87-0273 


'0  SOURCE  Of  FUNDING  NUMBERS  AFOSR-8 7-0 2 7 3 


WORK  *.NIT 
ACCESSION  NO 


*-E  , Include  Security  Casji/icaoon) 

Investigations  of  the  Opcical  and  Electronic  Properties  or  Crystalline  Organic  Materials 


.uthoris; 

.  Forrest 


■  la  "VPE  OF  RE?ort 
Annua  1 


'6  SUPPLEMENTARY  NO'A'ON 


15  PAGE  COUNT 


COSATi  CODES 


GROUP  |  SUB-GPOuP 


'8  SUBJECT  TERMS  , Continue  on  reverie  if  necessary  and  identify  oy  olocic  numoer) 

J 

Hetero junction,  Moiecuiar  Semiconductor,  Organic 
Semiconductor  , 


9  A3STRAC*  Continue  on  reverse  if  necessary  and  den tify  by  Olock  numoer) 

A  theory  regarding  transport  of  charge  across  crystalline  moiecuiar  organic  semiconduc¬ 
tor/  inorganic  semiconductor  heterojunctions  is  developed.  It  is  found  that  transport  under 
reverse  bias,  and  under  low  forward  bias  is  determined  by  carrier  diffusion  through  the 
organic  layer,  and  by  thermionic  emission  across  the  hetero junction  energy  band  disc ontinuitj 
'.'sing  the  results  of  this  theory,  the  valence  band  discontinuity  energy  between  3, -*,9,10 
eery lenetetracarboxylic  dianhydride  and  p-Si  is  directly  measured  using  energy  barrier  photo¬ 
emission  spectroscopy  and  the  analysis  of  the  temperature  dependence  of  the  current-voltage 
;aca  for  this  materials  system.  Apparently,  this  represents  the  first  measurement  of  the 
oar.d  offsets  between  a  molecular  semiconductor  and  an  inorganic  semic onductor ,  and  indicates 
trie  existence  of  relatively  trap  free  heteroir.terf aces  with  many  potential  optical  and 
electrical  device  applications.  Additionally,  an  organic  MBE  system  is  described. 


:0  D  3*RI0U*  ON  AVAILABILITV  Oc  A3S*RAC*  2'  A8STPAC*  SECURITY  CLASS  F  CA'ION 

3.  .NC-ASSiF'ED'UNL  mi'EO  □  TAME  as  Rpt  G  DT:C  jSERS  Unclassified  , 


MiW /SIMM  W 


OO  form  1473,  JUN  36 


Previous  editions  are  otssolere 


lECypiry  astf  ca*  on  ;f  $  =>age 


hr  1 0  S  29f 


AFOSR .  TK  - 


R  p  -  i  0  17 


Investigations  of  the  Optical  and  Electronic  Properties 
of  Crystalline  Organic  Materials 

Annual  Report 
June,  1987  -  June,  1988 

Contract:  AFOSR-87-0273 

Stephen  R.  Forrest 

Departments  of  Electrical  Engineering/Electrophysics 
and  Materials  Science 
University  of  Southern  California 
Los  Angeles,  CA  90089-0241 


Investigations  of  the  Optical  and  Electronic  Properties 
of  Crystalline  Organic  Materials 


Annual  Report 
June,  1987  -  June,  1988 

Contract:  AFOSR-87-0273 

Stephen  R.  Forrest 

Departments  of  Electrical  Engineering/Electrophysics 
and  Materials  Science 
University  of  Southern  California 
Los  Angeles,  CA  90089-0241 


ABSTRACT 

A  theory  regarding  transport  of  charge  across  crystalline  molecular 
organic  semiconductor/inorganic  semiconductor  heterojunctions  is  developed. 
It  is  found  that  transport  under  reverse  bias,  and  under  low  forward  bias  is 
determined  by  carrier  diffusion  through  the  organic  layer,  and  by  thermionic 
emission  across  the  heterojunction  energy  band  discontinuity.  Using  the 
results  of  this  theory,  the  valence  band  discontinuity  energy  between  3,4,9,10 
perylenetetracarboxylic  dianhydride  and  p-Si  is  directly  measured  using 
energy  barrier  photoemission  spectroscopy  and  the  analysis  of  the 
temperature  dependence  of  the  current-voltage  data  for  this  materials  system. 
Apparently,  this  represents  the  first  measurement  of  the  band  offsets  between 
a  molecular  semiconductor  and  an  inorganic  semiconductor,  and  indicates  the 
existence  of  relatively  trap  free  heterointerfaces  with  many  potential  optical 
and  electrical  device  applications.  Additionally,  an  organic  MBE  system  is 
described. 
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Summary  of  Technical  Results 


During  the  first  year,  two  significant  findings  have  been  reported 
which  indicate  that  organic-on-inorganic  (01)  semiconductor  heterojunctions 
are,  in  many  ways,  similar  to  fully  organic  heterojunctions.  The  first  has 
been  the  theoretical  understanding  of  transport  across  01  energy  barriers. 
This  analysis  establishes  diffusion  to  be  the  main  mechanism  for  transport 
across  the  organic  thin  film.  Applying  this  analysis  to  experimental  data,  it 
was  then  found  that  the  diffusion  velocity  across  several  organic  thin  films 
is  greater  than  1000  cm/s.  In  related  work,  these  results  were  further 
tested  by  measuring  the  optical  response  time  of  PTCDA  (i.e.  3,4,9,10 
perylenetetracarboxylic  dianhydride)/p-Si  avalanche  photodiodes,  and  it 
was  found  that  switching  speeds  as  high  as  1  GHz  could  be  obtained. 

Perhaps  the  most  significant  finding  is  that  the  first  direct 
measurement  of  the  valence  band  offset  energy  between  such  two 
dissimilar  semiconductors  (i.e.  a  crystalline  molecular  organic  compound 
and  a  covalent  semiconductor)  was  made  using  electron  photoemission 
spectroscopy  and  analysis  of  thermionic  emission  across  the  heterojunction. 
These  results  point  to  a  highly  uniform,  reproducible  organic/inorganic 
heterojunction  with  few  defect  states.  The  significance  of  these  results  is 
that  they  give  hope  to  the  promise  that  the  innumerable  optical  and 
electronic  properties  available  to  the  broad  family  of  crystalline  (non¬ 
polymeric)  organic  semiconductors  can  be  usefully  employed  in  photonic 
devices  and  other  heterojunction  devices,  without  worrying  about  the 
constraints  of  lattice-match  placed  on  conventional,  inorganic 
heterojunctions. 
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In  other  related  progress,  an  organic  molecular  beam  epitaxy  system 
has  been  constructed.  Once  it  is  fully  instrumented,  this  system  is  designed 
to  fabricate  and  probe  (in  situ)  such  structures  as  fully  organic  multiple 
quantum  wells,  waveguides,  and  heterojunction  devices.  The  system  has 
three  evaporation/sublimation  sources,  and  is  outfitted  with  a  cryopump, 
ion  pump  and  Ti  sublimation  pump.  Fixti.  .ng  yet  to  be  installed  includes 
an  in  situ  electrical/optical  probing  station,  substrate  temperature  control 
for  achieving  very  uniform,  flat  films,  and  in  situ  heterojunction  processing 
for  making  two-level  structures. 
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01  Heterojunction  Theory  and  Measurement 


To  fully  understand  the  physics  of  01  heterojunctions,  a  complete 
theory  describing  charge  transport  across  01  HJs  was  developed.  This 
theory  differs  in  several  ways  from  previous,  somewhat  incomplete  theories 
developed  to  understand  01  HJs.  In  particular,  for  the  first  time,  the  OI 
contact  was  considered  to  be  a  semiconductor/semiconductor  HJ  rather  than 
a  Schottky-like  barrier.  This  picture  is  justified  given  that  the  organic 
compounds  used  are  crystalline  molecular  semiconductors  with  moderate  (2 
eV)  band  gap  energies.  On  the  other  hand,  the  bandwidths  of  the  organic 
materials  are  small  compared  with  inorganic  semiconductors,  and  hence  the 
transport  through  these  former  materials  is  dominated  by  injected  charge 
rather  than  from  bulk  charge. 

Nevertheless,  using  the  HJ  picture,  it  was  realized  that  under  reverse 
bias  as  well  as  low  forward  bias,  charge  is  transported  across  the  thin  film 
(where  the  voltages  are  very  small  —  roughly  1-10  meV)  via  diffusion. 
Once  the  charge  reaches  the  01  HJ  barrier,  it  is  thermionically  emitted  over 
the  barrier,  and  then  is  swept  out  in  the  large  electric  fields  developed 
across  the  inorganic  semiconductor.  This  latter  process  has  been  described 
in  detail  in  previous  work  involving  01  devices.  The  parameter  which  best 
describes  this  transport  process  within  the  organic  film  is  the  "mean  carrier 
velocity",  <vc>,  which  replaces  the  Richardson  constant  commonly  used  for 
Schottky  barrier  devices. 

The  model  leads  to  the  immediate  understanding  of  data  obtained 
from  several  different  experiments  over  the  period  of  the  last  year.  In 
particular,  results  from  photoemission,  time  response,  admittance  and  the 
forward  current-voltage-temperature  (I-V-T)  characterisitics  of  01  HJ 
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diodes  all  can  be  understood  both  quantitatively  and  qualitatively  in  terms 
of  this  theory.  The  model  also  predicts  the  position  of  the  quasi-Fermi 
Levels  at  the  01  HJ  as  a  function  of  forward  and  reverse  voltage  such  that 
the  01  device  is  now  of  greater  use  in  understanding  surface  states  at  the  01 
interface.  Using  the  model,  it  was  possible  to  accurately  determine  the 
band  discontinuity  energy  of  an  01  HJ  consisting  of  PTCDA  and  p-Si.  Some 
of  these  various  data  will  now  be  discussed,  along  with  their  implications 
on  the  physics  of  organic/inorganic  HJs.  A  more  detailed  presentation  of 
results  is  given  in  the  papers  attached  as  Appendices  I  and  II. 

1)  Photoemission:  In  Fig.  1  is  shown  the  photocurrent  spectrum  of  a 
PTCDA/p-Si  diode  for  below-Si-bandgap  light  of  wavelength  between  1.2 
pm  and  3.2  pm.  The  peak  centered  at  2.2  pm  is  associated  with  carriers 
photoexcited  over  the  01  HJ  valence  band  discontinuity.  The  long 
wavelength  tail  of  the  peak  yields  a  discontinuity  energy  of  0.50  eV, 
whereas  the  short  wavelength  cut-off  is  a  result  of  the  limited  bandwidth  of 
the  organic  semiconductor.  To  our  knowledge,  these  data  represent  the  first 
direct  measurement  of  the  band  offset  energies  at  the  HJ  between  two  such 
dissimilar  semiconductors. 

2)  I-V-T  data:  It  can  be  shown  that  the  saturation  current  density  for  an 
01  HJ  is  given  by: 

Js  =  J0  exp(-q<))/kT) 

where  J0  is  a  constant,  q  is  the  electronic  charge,  k  is  Boltzmann’s  constant, 

T  is  the  temperature,  and  <j>  is  the  band  discontinuity  diffusion  potential. 
Analysis  of  the  forward  I-V  characteristics  versus  temperture  can  therefore 
be  used  to  obtain  the  diffusion  potential.  This  was  done  (Fig.  2),  and  from 
these  data  a  band  discontinuity  energy  for  PTCDA/p-Si  HJ's  of  0.48  eV  was 
determined.  This  independent  measurement  of  the  discontinuity  energy  is 
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consistent  with  photoemission  data  discussed  above.  Also,  from  the  values 
obtained  for  J0,  it  was  also  possible  to  obtain  a  value  for  the  mean  carrier 
diffusion  velocity  of  >  500  cm/s,  which  is  surprisingly  high  for  organic 
semiconductors. 

3)  Semiconductor  surface  state  analysis:  Using  the  "correct"  values 
for  the  band  offsets  along  with  calculations  regarding  the  Fermi  energy 
position  at  the  HJ,  it  was  possible  to  reanalyze  earlier  results  regarding  the 
position  of  surface  defects  incurred  at  01  HJ's.  In  earlier  work,  it  was  found 
that  a  high  density  of  defects  exist  at  the  Si  surface  when  Cu  phthalocyanine 
(CuPc)  is  deposited  onto  that  surface.  It  was  theorized  that  the  surface 
defects  were  a  result  of  Cu  being  removed  from  the  the  CuPc  and  bonding  to 
the  Si.  Due  to  the  lack  of  an  accurate  measurement  of  the  HJ  band 
discontinuity  energy,  the  deep  level  was  presumed  to  exist  at  0.5  eV  above 
the  Si  valence  band  maximum  (Fig.  3).  Using  the  measured  values  for  the 
barrier  energy,  this  deep  level  was  shifted  to  0.7  eV  —  a  value  consistent 
with  Cu  acceptors  measured  by  other  workers  for  bulk  Si  material. 

4)  Detector  response  time:  In  related  work,  an 

ITO/PTCDA/semiconductor  (both  Si  and  GaAs)  photodetector  was  fabricated, 
and  the  speed  of  response  of  the  diode  to  fast  optical  pulses  whose 
wavelength  was  such  that  the  light  was  absorbed  in  the  inorganic  substrate 
was  measured.  Using  this  device,  it  was  found  that  a  diode  with  a  2000A 
thick  organic  film  had  a  speed  of  response  of  5  ns.  This  suggests  a  carrier 
diffusion  velocity  in  the  thin  film  of  3000  cm/s  which  is  consistent  with  our 
HJ  measurements.  Furthermore,  if  a  film  of  only  50A  is  used,  these 
detectors  should  have  switching  times  as  short  as  100  ps,  suggesting  that 
they  will  find  applications  in  many  photonic  system  applications,  as  well  as 
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for  the  analysis  and  detection  of  fast  transient  phenomena  in  inorganic 
substrate  material. 


Organic  MBE 

Highly  uniform,  smooth  films  with  good  interfaces  are  needed  to 
study  the  nature  of  the  01  HJ,  as  well  as  to  understand  transport  across 
fully  organic  HJ’s.  In  past  work,  standard  diffusion  pumped  or  ion  pumped 
vacuum  systems  were  relied  upon  for  the  fabrication  of  01  and  fully  organic 
HJ's.  To  enhance  the  ability  to  fabricate  exotic  structures,  and  to  achieve 
highly  uniform  structures,  this  year  an  organic  "molecular  beam  epitaxial” 
deposition  system  was  fabricated.  This  apparatus  is  pumped  by  a 
combination  of  a  cryopump,  ion  pump  and  Ti  sublimation  pump  to  achieve 
high  vacuum.  Three  evaporation  (sublimation)  sources  are  provided  for 
fabricating  multi-layered  structures.  Furthermore,  capability  for  depositing 
on  hot  or  cold  substrates  (77  K  to  600  K)  is  presently  being  installed.  Most 
importantly,  in  situ  processing  of  two  level  diode  structures,  as  well  as  in 
situ  optical  and  electrical  probing  of  the  devices  without  breaking  vacuum 
will  allow  for  the  study  of  the  01  and  organic  HJ's  without  worrying  about 
the  effects  of  uncontrolled  atmospheric  environments  on  device  behavior. 

It  is  expected  that  this  system  will  prove  to  be  useful  in  the  investigation 
and  development  of  organic  thin  film  semiconductors  in  the  coming  years. 
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Interaction  with  DoD  Personnel 
Numerous  interactions  between  the  group  at  USC  and  Air  Force 
personnel  regarding  this  research  were  pursued  during  the  past  year.  In 
particular,  the  group  at  Hanscom  AFB  (A.  Yang  and  J.  Lorenzo)  has  had  an 
ongoing  interest  in  the  01  HJ  as  a  means  of  wafer  analysis,  as  well  as  for  its 
potential  for  active  photonic  device  applications.  Recently,  two  members  of 
the  Hanscom  group  (K.  Vaccaro  and  A.  Davis)  visited  the  USC  laboratory  to 
learn  more  about  the  methods  used  in  01  device  fabrication  and  analysis 
such  that  these  proceedures  can  be  implemented  at  Hanscom.  It  is 
anticipated  that  the  P.I.  will  be  visiting  Hanscom  in  the  Fall,  1988  to  further 
the  progress  of  this  "technology  transfer".  In  addition,  critical  software  has 
been  provided  to  that  laboratory  to  expedite  analysis  proceedures. 
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APPENDIX  I 

Measurement  of  the  valence-band  discontinuities  for  molecular  organic 
semiconductor/ inorganic  semiconductor  heterojunctions 

F.  F.  So  and  S.  R.  Forrest 

Departments  of  Electrical  Engineering/  Electmphysics  and  Materials  Science  &  Engineering.  University  of 
Southern  California.  Los  Angeles.  California  90089-0241 

(Received  30  December  1987;  accepted  for  publication  13  February  1988) 

Using  the  temperature  dependence  of  the  forward-biased  current-voltage  characteristics  as  well 
as  internal  photoemission,  we  directly  measure  the  barrier  potential  and  valence-band 
discontinuity  energy  {&£„ )  of  isotype  heterojunctions  formed  between  thin  films  of  the 
crystalline  organic  semiconductor.  3,4,9,10-perylenetetracarboxylic  dianhydride  (PTCDA) 
and  p-SL  We  find  =  (0.30  ±  0.02)  eV.  This,  to  our  knowledge,  is  the  first  report  of  a 

measurement  of  a  band  discontinuity  energy  between  a  crystalline  organic  semiconductor  and 
an  inorganic  semiconductor.  These  results  are  consistent  with  predictions  of  a  current  model 
involving  diiftision  and  drift  in  the  organic-on-inorganic  (OI)  semiconductor  device.  This 
model  is  employed  to  calculate  S£,  using  previously  obtained  barrier  energies  for  several 
different  PTCDA/inorganic  semiconductor  devices.  In  all  cases,  values  of  the  barrier  diffusion 
potential  and  AEV  are  considerably  smaller  than  apparent  barrier  energies  obtained  previously 
using  pure  thermionic  emission  theory  to  explain  transport  of  charge  over  the  OI  barrier. 


During  the  last  several  years,  considerable  interest  has 
been  focused  worldwide  on  the  study  of  semiconductor  he¬ 
terojunctions.  The  source  of  this  interest  lies  in  the  ability  of 
heterojunctions  to  control  optical  fields  and  charge  trans¬ 
port  in  numerous  devices  such  as  semiconductor  lasers  and 
photodetectors  used  in  optoelectronic  applications.  Further¬ 
more,  the  ability  to  grow  epitaxial  materials  with  atomic 
scale  precision  has  led  to  the  realization  of  multiple  quantum 
well  structures  which  exhibit  a  wealth  of  exciting  new  phys¬ 
ical  phenomena,  some  of  which  are  already  finding  novel 
device  applications. 

In  addition  to  the  more  traditional  heterojunctions  be¬ 
ing  investigated,  there  have  been  a  few  reports  of  an  entirely 
new  class  of  heterojunctions1'3  which  are  also  finding  inter¬ 
esting  new  applications,4'3  and  are  leading  to  a  greater  under¬ 
standing  of  semiconductors  in  general.  These  heterojunc¬ 
tions  consist  of  organic  (either  crystalline  molecular  or 
disordered  polymeric)  semiconductors  in  contact  with  inor¬ 
ganic  semiconductors.  In  this  work,  we  present  for  the  first 
time,  measurement  of  the  valence-band  discontinuity  energy 
between  crystalline  organic  semiconductors  and  both  ele¬ 
mental  and  compound  inorganic  semiconductor  substrates. 
This  differs  from  past  work1  in  that  the  previous  quantity 
measured  was  the  “apparent  barrier  height,"  i.e.,  the  hetero- 
junction  barrier  energy  inferred  from  the  room-temperature, 
forward-biased  current-voltage  (I-V)  characteristics  using 
thermionic  emission  theory.  While  the  apparent  barrier 
height  can  be  used  to  give  a  very  accurate  phenomenological 
model  of  transport  across  organic-on-inorganic  semicon¬ 
ductor  heterojunction  (or  OI-HJ)  barriers,  it  is  not  success¬ 
ful  in  providing  an  accurate  value  for  the  energy-band  dis¬ 
continuities.  Knowledge  of  these  latter  quantities,  however, 
is  central  to  our  understanding  of  the  physics  underlying  the 
formation  of  the  OI-HJ  barrier. 

In  the  inset  of  Fig.  1  is  shown  a  schematic  cross  section 
of  an  archetypal  OI-HJ  rectifier.  The  OI-HJ’s  consist  of  a 
thin  (1000-2000  A)  layer  of  the  purified  crystalline 


organic  dye:  3,4,9, 10-perylenetetracarboxylic  dianhydride 
(PTCDA)  vacuum  deposited  onto  inorganic  semiconduc¬ 
tor  substrates  using  techniques  described  elsewhere.4  The 
conductivity  type  of  PTCDA  is  lightly  p  type.  The  inorganic 
semiconductor  is  Si,  which  is  the  material  used  in  most  of  the 
studies  to  be  discussed.  The  OI-HJ  device  is  completed  by 
making  ohmic  In  contact  to  the  substrate  surface  as  well  as 
to  the  organic  thin  film. 

It  has  been  shown6  that  the  current  density  (D  is  related 
to  the  voltage  drop  across  the  inorganic  semiconductor 
(^o)via 

/  =  /„exp(  —  q^p/kT)  [exp(  -  qV0/kT)  -  1] 

=  J,[nV(-qVD/kT)-\].  (1) 

Here,  k  is  Boltzman’s  constant,  Tis  the  temperature,  q  is  the 
electronic  charge,  J,  is  the  saturation  current,  and  6^  is  the 
OI-HJ  barrier  potential  which  may  be  voltage  dependent. 
Also,  we  assume  that  the  substrate  is  p  type,  in  which  case 
Vo>0  for  reverse  bias.  The  value  taken  for  /„  strongly  de- 


FIG.  1.  Saturation  current  density  (J,)  vs  inverse  temperature  for  an 
InSPTCDAVfrSi  heterojunction.  The  solid  tine  is  a  linear  least  squares  fit  to 
the  data  points.  Inset:  Schematic  cross- sectional  view  of  an  organic/  inor¬ 
ganic  semiconductor  heterojunction  device. 
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pends  on  the  mechanisms  governing  transport  across  the 
OI-HJ  barrier.  For  example,  it  has  often  been  assumed1,2 
that  transport  across  the  OI-HJ  barrier  is  similar  to  that  in  a 
Schouky  barrier  diode  and  hence  Jn  =  ySB  =  A’T1,  where 
A  *  is  the  Richardson  constant.  While  this  assumption  is  true 
for  large  forward  bias,  where  a  high  density  of  charge  is  in¬ 
jected  from  the  ohmic  contacts  into  the  organic  thin  film,  it  is 
not  true  under  low  forward  or  reverse  voltage.  In  this  bias 
regime,  the  very  small  hole  concentration  (  —  5xl0‘* 
cm  ~5)  in  the  organic  thin  film,  coupled  with  its  limited  total 
density  of  states,  suggests  that  diffusion  and  drift  within  the 
thin  film  will  modify  the  value  of  JQ  from  JSB .  Indeed,  it  can 
be  shown7  that  for  an  OI-HJ  diode 

=  (2) 

where  ;V„  is  the  effective  density  of  states  at  the  inorganic 
semiconductor  valence-band  edge  and  (vc)  is  the  mean  hole 
velocity  in  the  organic  thin  film.  Depending  on  the  bias  re¬ 
gime,  ( uc )  is  determined  either  by  hole  drift  ( at  moderate  to 
high  forward  bias)  or  diffusion  (at  low  forward  or  reverse 
bias ) .  This  latter  case  is  typical  for  the  conditions  explored  in 
this  experiment.  Assuming  (uc)  is  limited  by  diffusion,  then 
<uc)  =  (DP  /rp) 1/2  =  {fipkT/qrp  )'n,  where Dp  is  the  dif¬ 
fusion  constant.  fip  =  1  cm2/V  s  is  the  hole  mobility  of 
PTCDA, 3  and  rp  <  100  ns  is  the  hole  lifetime  obtained  from 
current  transient  measurements.3  For  these  conditions, 
(uc)>  500  cm/s,  which  is  consistent  with  time-resolved 
measurements  of  the  response  of  OI-HJ  diodes  to  fast  optical 
pulses." 

Note  that  typically  *^SB  =  10;  A/cm2.  On  the  other 
hand,  using  .V,,  =  2X10‘9  cm'3,  we  obtain  /0,  aiZCOQ 
A/ cm2,  leading  to  Jol  //SB  =  2X  10  In  using  the  forward 
/-  V characteristics  to  determine  the  apparent  barrier  height 
aiBp,  one  often  measures  the  saturation  current  at  Va  =  0 
and  equates  that  value  to  the  prefactor  to  the  term  in  square 
brackets  in  Eq.  (1).  Then,  assuming  a  value  (and  hence  a 
model)  for  J0,  one  can  extract  the  apparent  barrier  height. 
However,  from  the  above  discussion  there  would  appear  to 
be  a  large  uncertainty  in  the  value  to  use  for  J0  in  which  case 
the  actual  barrier  height  cannot  be  determined  with  any  rea¬ 
sonable  accuracy.  Indeed,  without  a  direct  measurement  of 
the  barrier  height,  one  is  also  not  capable  of  determining  the 
valence-band  discontinuity  energy  ( A£„ ) .  Thus,  in  our  mea¬ 
surements  we  directly  determine  the  barrier  energy.  Using 
this  actual  value  for  <b3p,  J0  is  calculated  giving  a  oasis  from 
which  the  appropriate  model  can  be  developed. 

From  Eq.  ( 1 )  it  is  apparent  that  a  measurement  of  the 
saturation  current  density  (/, )  as  a  function  of  temperature 
can  directly  yield  its  activation  energy  dBp . 

Thus,  a  plot  of  log(y, )  as  a  function  of  1  /T  is  shown  in 
Fig.  1.  The  device  used  had  a  contact  area  of  2. 5  X  10'"  cm2, 
and  consisted  of  2000  A  of  PTCDA  deposited  on  a  0.5  fl  cm 
( 100)  /7-Si  substrate."  A  linear  least  squares  fit  to  the  data,  as 
indicated  by  the  straight  line,  gives  <iBp  =  0.56  ±  0.02  V  and 
=  1700  A/cm2.  Note  that  both  these  values  are  consider¬ 
ably  different  from  those  obtained  using  thermionic  emis¬ 
sion  theory,'  *  where  it  was  found  that  <b3p  =0.75  V  and 
ySB  =  10'  A/cm2.  However,  as  indicated  above,  X>  a/ol 


a  2000  A/cm",  in  agreement  with  the  model  based  on  diffu 
ston  in  the  organic  thin  film. 

The  valence-band  discontinuity  energy  for  this  isotypt 
(p-P)  heterojunction,  A£0,  can  be  obtained  from  the  actual 
(not  apparent)  value  of  dBp  using10 

=<#Bp  +At  -A,,  (3) 

where  A,  and  Ap  are  the  differences  between  the  equilibrium 
Fermi  energies  and  the  valence-band  maxima  in  the  inorgan¬ 
ic  and  organic  semiconductor  bulks,  respectively.  Using  a 
hole  concentration  of/?,  =  5  X 1013  cm  * 1  and*  p0  =  5  X 1014 
cm" 3  (where  the  subscripts  “j"  and  “o”  have  the 
meanings  as  used  previously),  with  the  effective  hole  ma« 
(m*)  in  the  organic  taken  to  be  equal  to  the  free -electron 
mass,"  we  obtain  A £„  =  (0.48  ±0.02)  eV  for  PTCDA/ 
/»-Si  heterojunctions.  Note  that  PTCDA  has  a  band-gap  en¬ 
ergy4  of  2.2  eV,  suggesting  that  A£c  =  A E,  —  A £„  at0.6  eV, 
where  A £,  is  the  difference  in  band  gaps  between  PTCDA 
and  Si. 

Although  this  analysis  suggests  that  the  actual  barrier 
potential  dBp  differs  significantly  from  previously  reported 
“apparent”  values,  the  barrier  height  obtained  from  such 
transport  measurements  can  lead  to  error  in  the  presence  of  a 
high  density  of  defect  states  at  the  heterojunction.  While 
evidence  from  capacitance-voltage  measurements2,4  indi¬ 
cates  a  relatively  low  interlace  defect  density  for  PTCD  A/Si 
OI-HJ’s,  it  is  nevertheless  worthwhile  to  utilize  a  more  direct 
measurement  of  A £,  via  internal  photoemission."  In  this 
experiment,  a  PTCD  AVp-Si  diode  similar  to  that  used  in  Fig. 
1  was  illuminated  via  the  Si  substrate  using  a  1-kHz  chopped 
light  source.  In  this  manner,  all  light  of  energy  ( hv)  greater 
than  the  Si  band  edge  at  1. 1  eV  was  eliminated  from  the  OI- 
HJ  region.  To  further  attenuate  the  short  wavelength  radi¬ 
ation.  a  second  Si  wafer  was  interposed  between  the  light 
source  and  the  OI  diode.  The  short-circuit  photocurrent  was 
then  measured  as  a  function  of  photon  energy,  resulting  in 
the  peak  shown  in  Fig.  2(a)  at  Av  =  0.57  eV. 

The  peak  height  was  found  to  be  insensitive  to  changes 
in  both  temperature  and  chopping  frequency.  In  addition,  to 
test  whether  the  peak  was  due  to  excitation  of  traps  in  the 
buik  PTCDA.  an  In/ PTCD  A/indium  tin  oxide  (ITO)  pho¬ 
toconductor  was  fabricated.  We  found  that  no  photore¬ 
sponse  was  observed  between  a  =  1  and  3  fim  for  this  device. 
Based  on  these  observations,  we  can  rule  out  the  possibility 
that  the  peak  is  due  to  traps  in  the  bulk  semiconductors  or  at 
the  OI-HJ  interlace. 

We  interpret  this  peak  as  follows.  At  Av  <  0.57  eV.  holes 
in  the  /7-type  organic  thin  film  are  excited  above  the  OI-HJ. 
and  are  subsequently  emitted  over  the  barrier  and  collected 
in  the  external  circuit  [  processes  “a"  and  “c”  in  the  inset  of 
Fig.  2(a)  ].  Since  this  is  the  process  of  internal  photoemis¬ 
sion,  the  photocurrent  at  Av  <  0.57  eV  is  expected  to  follow12 
/PH  oc  (Av  —  A £,,  )2.  Hence.  Fig.  2(b)  is  a  plot  of  /Vm  vs  Av 
for  data  taken  on  the  long-wavelength  side  of  the  emission 
peak.  A  linear  least  squares  fit  to  these  data  gives  A£„ 
=  (0.50  ±  0.01 )  eV — a  value  in  excellent  agreement  with 
that  obtained  using  the  foward-biased  I-V characteristics  in 
Fig.  1.  Note,  however,  at  Av>0.57  eV,  the  data  strongly  de¬ 
viate  from  that  predicted  for  simple  photoemission.  At  these 
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FIG.  2.  (a)  Photocurrent  spectrum  far  an  In/PTCD  A/p-Si  heterojunction 
ilium  mated  via  the  p-Si  substrate.  The  film  thickness  is  1000  A.  Inset:  Band 
diagram  of  a  PTCDA/p-Si  heterojuncuon  showing  allowed  ( “a”  and  "c") 
and  forbidden  ("b”)  photoemission  transitions  resulting  in  the  spectrum 
shown,  (b)  Square  root  of  the  photocurrent  vs  photon  energy  for  the  data 
on  the  long-wavelength  side  of  the  peak  shown  in  (a).  The  solid  line  is  a 
linear  least  squares  fit  to  the  data  points. 

high  energies,  Im  drops  with  increasing  hv.  This  effect  can 
also  be  understood  in  terms  of  the  band  diagram  in  the  inset 
ofFig.  2(a).  Molecular  semiconductors  are  characterized  by 
narrow  bandwidths,'3  as  indicated  by  the  cross-hatched  re¬ 
gion  in  the  figure.  For  PTCDA,  the  total  bandwidth  bound¬ 
ed  by  the  highest  occupied  molecular  orbital  (or  HOMO) 
and  lowest  unoccupied  MO  (or  LUMO)  is  only4  0.9  eV. 
Thus,  transitions  “b”  beyond  the  bandwidth  of  the  organic 
are  forbidden,  and  hence  a  drop  is  expected  in  /PH  for  this 
high-energy  light. 

Both  of  the  experiments  described  above  give  support  to 
a  value  of  A £„  *  (0.50  ±  0.02 )  eV  for  PTCDA/p-Si  hetero¬ 
junctions,  and  for/0  =  Jol  given  by  Eq.  (2).  With  this  confi¬ 
dence  in  determining  we  can  calculate  A£„  using  Eqs. 
( 1  )-(3)  for  several  PTCDA-based  OI-HJ’s  where  different 
inorganic  substrates  have  been  employed.  Hence,  in  Table  I, 
A£„  is  listed  for  heterojunctions  containing  PTCDA  along 


TABLE  I.  Valence-band  discontinuities  for  p-P  PTCDA/inorganic  semi¬ 
conductor  heterojunctions. 


Inorganic  (eV) 

substrate  Jn  A/,,'  TE°  Diffusion'  (eV) 


Si 

1.4  X  10— 

0.73  ±0.02 

0.36  ±0.02 

0.30  ±0.02 

Ge 

6.6X10- 

0.33  ±0.03 

0.30  ±0.03 

0.23  ±0.04 

GaAs 

1.4  X  10— 

0.73 

0.32 

0.43  ±0.05 

GaSb 

1.2X10— 

0.60 

0.37 

029  ±0.04 

‘Assumes  <#,)  —  300  cm/s  and  T  —  300  K. 

‘Values  obtained  for  the  apparent  barrier  height  using  thermionic  emission  . 
(TE)  theory  from  Ref  I. 

'Obtained  using  Eqs.  ( 1 )  and  (2)  in  text. 

‘Doping  of  Si  and  GaSb:  5x  I015  cm  ' \  Get  3X  10“  an'*,  and  GaAs. 
2X10“  an'1. 

with  Ge,  GaAs,  and  GaSb  using  the  apparent  barrier  height 
data  of  Ref.  1.  In  all  cases,  these  values  of  A E,  are  signifi¬ 
cantly  smaller  than  their  previously  reported  apparent  val¬ 
ues  Of  ^Bp. 

In  conclusion,  we  have  measured  the  barrier  potential 
^Bpl  and  the  valence-band  discontinuity  energy  A£„,  for 
PTCDA//>-Si  heterojunctions.  These  data  are  consistent 
with  predictions  of  a  model  of  hole  transport  in  the  devices 
which  includes  the  effects  of  diffusion  and  drift  in  the  OI 
diode.  To  our  knowledge,  this  is  the  first  report  of  the  mea¬ 
surement  of  a  band  discontinuity  energy  for  molecular  or¬ 
ganic/inorganic  semiconductor  heterojunctions,  and  the  re¬ 
sults  further  our  understanding  of  these  interesting 
structures. 
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Organic-on-inorganic  semiconductor  heterojunctions:  Energy-band 
discontinuities,  quasi-Fermi  levels,  and  carrier  velocities 
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Organic-on-inorganic  semiconductor  heterojunctions  (OI-HJs)  exhibit  rectification  whereby 
the  current-voltage  characteristics  are  limited  by  the  properties  of  the  inorganic  semiconductor 
substrate  and  the  magnitude  of  the  energy  barrier  at  the  heterointerface.  In  this  paper  we 
calculate  the  potential  distribution  and  the  quasi-Fermi  level  energy  (or  imref)  across  the  OI 
diode  bulk.  Both  ohmic  as  well  as  space-charge-limited  conduction  regimes  of  the  organic  thin 
film  are  considered.  Previous  work  considered  the  OI-HJ  to  be  similar  to  a  Schottky,  metal- 
semiconductor  contact.  While  this  can  give  a  good  approximation  to  OI-HJ  transport 
processes  under  some  bias  regimes,  it  results  in  a  misleading  picture  of  the  position  of  the 
imrefs  under  reverse  bias,  as  well  as  errors  in  measurements  of  the  band  discontinuity  energy  at 
the  OI-HJ.  Unlike  Schottky  contacts,  the  imref  in  the  OI  diode  is  flat  throughout  the  substrate 
under  both  low  forward  and  reverse  biases.  These  results  are  used  to  calculate  carrier  velocities 
within  the  organic  film.  The  hole  velocity  is  in  the  range  of  100-2000  cm/s  under  reverse  bias 
and  is  as  high  as  103  cm/s  under  forward  bias.  Experimental  measurements  of  the  energy-band 
discontinuities  are  presented  that  are  in  agreement  with  the  predictions  of  the  current-voltage 
model. 


I.  INTRODUCTION 

The  study  of  semiconductor  heterojunctions  has  been  a 
topic  of  great  interest  due  to  their  ubiquitous  use  in  numer¬ 
ous  optical  and  electronic  devices.'  Indeed,  the  advent  of 
optoelectronic  devices  employing  multiple  quantum-well 
heterojunction  structures  has  led  to  entirely  new  classes  of 
physical  phenomena.  This  has  resulted  in  the  development 
of  devices  which  perform  highly  complex  and  novel  func¬ 
tions  impossible  to  achieve  with  homogeneous  semiconduc¬ 
tor  materials.  Central  to  our  utilization  of  these  semiconduc¬ 
tor-semiconductor  contacts  is  the  ability  to  accurately 
measure  the  magnitude  of  the  energy-band  discontinuities  at 
the  heterointerface. 

Recently,  investigations  of  a  new  class  of  heterojunc¬ 
tions,  i.e.,  organic-on-inorganic  semiconductor  heterojunc¬ 
tions  (OI-HJ),  have  attracted  some  interest1'3  due  to  both 
the  unusual  nature  of  these  contacts  as  well  as  to  the  poten¬ 
tial  new  devices  to  which  these  heterojunction  contacts  can 
be  applied.  In  particular,  crystalline  molecular  semiconduc¬ 
tors  exhibit  rectification  when  vacuum  deposited  onto  inor¬ 
ganic  semiconductor  substrates,2  and  hence  both  the  for¬ 
ward  and  reverse  current-voltage  characteristics  exhibit 
properties  limited  by  the  magnitude  of  the  OI-HJ  band  dis¬ 
continuity  and  the  properties  of  the  bulk  inorganic  semicon¬ 
ductor  material.  As  with  fully  inorganic  semiconductor  he¬ 
terojunctions,  it  is  essential  that  the  energy-band 
discontinuities  at  the  heterointerface  be  accurately  deter¬ 
mined  in  order  that  the  mechanisms  of  charge  transport 
across  the  energy  barriers  be  fully  understood.  In  the  case  of 
molecular  semiconductor/inorganic-semiconductor  hetero¬ 
junctions,  this  has  been  done  by  analysis  of  room-tempera¬ 
ture  current- voltage  characteristics,  whereby  an  “apparent” 
barrier  energy  is  measured  which  is  generally  larger  than 


half  the  band  gap  of  the  underlying  inorganic  substrate. 

In  addition  to  determining  the  barrier  height,  it  is  im¬ 
portant  to  understand  the  nature  of  the  charge  transport 
across  the  OI-HJ  barriers.  To  do  this,  two  essential  quanti¬ 
ties  must  be  studied;  the  position  of  the  nonequilibrium,  or 
quasi-Fermi  levels,  and  the  earner  velocities  throughout  the 
heterojunction  region.  These  quantities  are  of  particular  in¬ 
terest  since  a  technique  has  been  proposed  whereby  the  sur¬ 
faces  of  inorganic  semiconductors  such  as  InP,  GaAs,  and 
Si,  can  be  electrically  studied  for  the  existence  of  surface 
states  via  the  analysis  of  the  quasistatic  admittance  proper¬ 
ties  of  organic-on-inorganic  heterojunction  structures.  The 
so-called  semiconducting  organic-on-inorganic  surface 
analysis  spectroscopic  (or  SOISAS)  technique4  is  based  on 
the  assumptions  that: 

>  ( 1 )  The  majority-carrier  quasi-Fermi  level  at  the  OI-HJ 

is  flat  for  small  forward  and  reverse  voltages.  Quantitatively, 
this  criterion  should  be  loosely  adhered  to  at  applied  voltages 
|  V0  |  <Eg/2q,  where  Eg  is  the  band-gap  energy  of  the  inor¬ 
ganic  semiconductor  substrate  and  q  is  the  electronic  charge. 

(2)  The  magnitude  of  the  OI-HJ  energy  barrier  is 
known  to  reasonable  accuracy. 

This  technique  was  first  applied3  to  InP  and 
In05,  Ga<,47As  to  evaluate  the  effects  that  various  surface 
treatments  have  on  the  density  of  surface  states.  More  re¬ 
cently,  it  has  also  been  applied  to  Si  as  a  means  of  determin¬ 
ing  whether  various  crystalline  organic  materials,  such  as 
3,4,9,10  perylenetetracarboxyiic  dianhydride  (PTCDA) 
and  copper  phthalocyanine  (CuPc)  react  strongly  with 
semiconductor  surfaces.'’ 

It  is  the  purpose  of  this  paper  to  calculate  the  potential 
distribution  across  all  regions  of  the  OI-HJ  (Sec.  II).  This 
treatment  departs  from  previous  work  in  that  (i)  both  ohmic 
and  space-charge-limited  (SCL)  current  regimes  are  consid- 
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ered  in  the  organic  thin  film,  and  (ii)  the  effects  of  diffusion 
and  drift  in  the  thin  film  and  substrate  are  discussed.  These 
results  are  then  used  to  determine  the  OI-HJ  valence-band 
discontinuity  energy  between  PTCDA  and  various  inorgan¬ 
ic  semiconductors  which  heretofore  has  not  been  possible 
using  previously  reported  “apparent”  barrier  energies.  Data 
from  several  experimental  tests  of  this  theory  are  presented. 
In  Sec.  Ill  we  calculate  the  carrier  velocities  across  the  OI- 
HJ  barrier.  This  is  useful  in  understanding  both  the  temporal 
response  of  the  HJ,  as  well  as  in  determining  the  majority- 
carrier  quasi-Fermi  level  across  the  diode  bulk,  as  is  done  in 
Sec.  IV.  In  Sec.  V  we  present  conclusions  concerning  the 
implications  of  these  results. 

II.  OI-HJ  POTENTIAL  DISTRIBUTION  AND  THE 
ENERGY-BAND  DISCONTINUITIES 

An  OI-HJ  device  consists  of  a  polycrystalline  organic 
thin  film  vacuum  deposited  onto  the  polished  surface  of  an 
inorganic  substrate.7  Typically,  the  organic  film  is  between 
100  and  5000  A  thick  and  can  be  layered  onto  either  p-  or  n- 
type  substrates  with  similar  results.  Metallic  ohmic  contacts 
are  then  made  to  both  the  organic  and  inorganic  materials  to 
complete  the  two-terminal  device.  It  is  observed  that  a  recti¬ 
fying  heterojunction  barrier  is  formed  between  certain  crys¬ 
talline  organic  dianhydrides  (such  as  lightly  p-type 
PTCDA)  and  many  inorganic  semiconductors.  These  heter¬ 
ojunction  energy  barriers  determine  the  current-voltage 
characteristics  of  the  complete  device  structure. 

In  analyzing  charge  transport  across  the  OI-HJ  barrier, 
we  assume  that  the  current  in  OI  diodes  is  limited  at  low 
current  levels  by  thermionic  emission  (TE)  over  the  OI  he¬ 
terojunction  band  discontinuity,  and  at  low  bias  by  a  combi¬ 
nation  of  ohmic  and  trap-free  space-charge-limited  trans¬ 
port  through  the  organic  layer.7  A  band  diagram  of  an 
isotype  OI-HJ  diode  (assuming  a  p- type  substrate)  with  a 
valence-band  discontinuity  energy  of  AE„  is  shown  in  Fig.  1. 

The  potential  distribution  and  the  electric  field  (E) 
within  the  organic  film  are  determined  as  a  function  of  posi¬ 
tion  (jc)  using  Gauss’  law.  Thus,  assuming  single  carrier 
(hole)  injection: 

dE  -  ?[/>(*>  -  A)]  [  (1) 

dx  *0 

where  k0  is  the  permittivity  of  the  organic  thin  film,  p0  is  the 
free-hole  concentration,  andp(jc)  is  the  total  hole  concentra¬ 
tion  consisting  of  the  sum  of p0  and  holes  injected  (pinj )  from 
the  contact  at  x  =  0.  Assuming  a  constant  mobility  (fip )  at 
small  E,  the  current  density  within  the  film  is 

J=qp(x)npE( x)  ,  (2) 

which,  via  charge  conservation,  is  independent  of  position 
(assuming  no  charge  trapping).  These  equations  have  the 
following  solution1  for  the  voltage  dropped  ( V0)  across  an 
organic  film  of  thickness  t: 

WPoH\va)/(KvIl)  =“?-«,  -ln(l  —  u,)  ,  (3) 

where 

=  ~lnd -“r)]*b>  (4) 

and 


FIG.  1.  Proposed  energy-band  diagram  for  an  organic-on-inorganic  semi¬ 
conductor  heterojunction  device  under  (a)  forward  and  (b)  reverse  bias. 


“r=Po/p(0  (5) 

are  related  to  the  hole  density  at  x  =  t.  To  solve  Eqs.  ( 3 )  and 
(4),  we  first  choose  a  value  of  J  from  which  the  parameter, 
u,,  is  determined  via  Eq.  (4).  This  is  substituted  into  Eq. 
(3),  from  which  the  voltage  across  the  thin  film,  V0,  is  calcu¬ 
lated.  The  results  of  this  calculation  are  shown  in  Fig.  2, 
where  J  is  plotted  as  a  function  of  V0  for  organic  thin  films 
with  hole  mobilities  of  fxp  —  0.01  cmr/V  s  and  0. 1  cm2/V  s, 
a  free-hole  concentration  of  5  X  1014  cm-5,  and  a  film  thick¬ 
ness  of  1000  A.  These  values  are  typical  of  an  OI  diode  using 
polycrystalline  PTCDA  as  the  organic  layer.7  In  the  figure, 
the  ohmic  transport  regime  at  Fo<  F,  =»0.02  V  (for 
Hp  =  0.01  cm2/V  s)  is  distinguishable  from  the  SCL  regime 
at  higher  voltages.  That  is,  at  V0<VX,  J <x  V0,  whereas  at 
V0>  Vx,  then  JocKj.  This  plot  is  in  good  agreement  with 
observations  of  the  J-V  characteristics  of  metal/PTCDA/ 
metal  devices  published  earlier.7  The  important  aspect  of 
this  plot  is  the  low-current  density  (/< 2  mA/cm2  for 
Hp  =  0.01  cmVV  s)  at  which  ohmic  gives  way  to  SCL  trans¬ 
port.  Thus,  at  small  forward  voltages,  and  even  at  modest 
reverse  biases  for  “leaky”  OI  diodes  with  small  barrier  diffu¬ 
sion  potentials  <f>Bp ,  the  position  of  the  hole  quasi-Fermi  level 
in  the  organic  thin  film  is  determined  extrinsically  by  the 
amount  of  charge  injected  from  the  contacts  (pini )  rather 
than  from  the  equilibrium  concentration  of  carriers  (p0). 

To  calculate  the  potential  distribution  [  \p(x)  ]  through¬ 
out  the  thin  film,  we  replace  V0  by  \p(x)<,  K0  =  ip{t)  in  Eq. 

(3) ,  and  solve  for  u(  )  <  u, .  Then  x  is  found  using  [cf.  Eq. 

(4) ): 
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FIG.  2.  Current  (J)  vs  voltage  (  K0)  characteristics  of  a  1000-A-thick  or¬ 
ganic  film.  The  two  curves  correspond  to  films  with  mobilities  of  0.1  and 
0.01  cm:/V  s.  Regions  corresponding  to  ohmic  and  space-charge-limited 
(SCL)  transport  regimes  are  shown. 


<TP\hpx/k^J  =  -  u(x)  —  ln[  1  —  u(x )  ]  .  (6) 

A  plot  of  tp(x)  is  shown  in  Fig.  3(a)  for  the  same  film 
parameters  as  those  used  in  Fig.  2,  with  fip  =  0.0 1  cm2/V  s. 
Note  that  tfi(x)  scales  inversely  with  pp.  Here,  ip(x)  is 
shown  for  three  different  voltages,  V0,  corresponding  to  the 
ohmic,  transition,  and  SCL  regimes.  In  the  transition  re¬ 
gime,  V0=tVx.  As  expected,  in  the  ohmic  regime  the  poten¬ 
tial  increases  nearly  linearly  with  distance  from  the  metal 
contact  at  x  =  0  to  the  OI  heterointerface  at  x  =  f.  However, 
even  in  the  ohmic  regime,  there  is  some  nonlinearity  in  tp(x) 
near  x  =  0  due  to  charge  injection  effects.  In  the  SCL  re¬ 
gime,  the  potential  increase  is  nearly  quadratic  with  dis¬ 
tance,  indicating  a  substantial  amount  of  injected  charge. 

To  determine  the  charge  distribution  as  a  function  of x, 
the  value  of  u(x)  for  a  given  if/(x)  and  J  is  substituted  into 
Eq.  ( 5 ) ,  which  is  then  solved  forp(x) .  The  results  are  shown 
in  Fig.  3(b)  for  the  same  three  regimes  considered  in  Fig. 
3  (a) .  As  expected,  the  charge  piles  up  near  the  metallic  cath¬ 
ode  and  decreases  with  distance  toward  the  OI  heterointer¬ 
face  where  it  reaches  a  minimum  value  ofp(  t ) .  In  the  ohmic 
regime,  p(t)  z*p0.  For  SCL  transport,  p(t),  which  is  thesum 
of  the  injected  (/>,„, )  and  background  ip„)  carrier  concen¬ 
trations,  can  be  considerably  larger  than  pQ. 

The  current  at  the  organic  side  of  the  heterojunction  ( at 
x  =  t)  is  given  by 

J(t)=J  =  q[p,(VD)-p,(  0)](vc>,  (7) 

where  p,  ( V0 )  is  the  hole  density  at  the  OI  interface  corre¬ 
sponding  to  the  lowest  point  in  the  valence-band  maximum 
at  the  inorganic-semiconductor  surface  ( Fig.  1 ) .  Also,  VD  is 
the  voltage  drop  across  the  inorganic  substrate.  Equation 
(7)  suggests  that  current  injected  from  the  substrate  into  the 
organic  thin  film  is  limited  by  the  rate  at  which  carriers  are 
transported  toward  the  contacts.  This  limit  is  determined  by 
the  mean  carrier  velocity,  (t/c ),  within  the  organic  film,  and 
at  low  Vg  is  approximately  given  by 

<«c>  =0=0  =  V&p/*  ■  (8) 

Equation  (8)  is  the  drift  velocity  in  the  ohmic  regime 
where  diffusion  is  neglected  (see  below),  and  once  again 
assumes  fip  is  independent  of  E.  At  higher  voltages  it  is  more 
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FIG.  3.  (a)  Potential  distribution  vs  position  within  the  organic  thin  film 
under  three  applied  voltage  regimes.  The  mobility  of  the  1000-A-thick  film 
is  0.01  cm'/V  s.  (b)  The  free-hole  distribution  calculated  for  the  film  in 
3(a).  Here,  p0  corresponds  to  the  equilibrium  hole  concentration. 


appropriate  to  use  the  full  expression  for  the  mean  carrier 
velocity,  viz: 

(“c)  =-7  f  uc(*)dx  =  —  f  np{x)E(x)dx.  (9) 
*  Jo  t  Jo 

We  note  that  the  above  treatment  considers  only  drift. 
However,  diffusion  becomes  important  at  V0SkT/q.  Since 
Vx  is  approximately  equal  to  the  thermal,  or  diffusion  poten¬ 
tial,  this  suggests  that  diffusion  is  important  under  some 
( low  voltage )  diode  operating  conditions.  When  diffusion  of 
holes  in  the  organic  layer  is  significant,  the  drift  velocity  is 
replaced  by 

(vc)  =  (Dpg/Tfo)'11  =  (ppkT/qrp0)'n  ,  (10) 

where  D #  and  are  the  diffusion  constant  and  lifetime  of 
holes  within  the  organic  thin  film,  respectively.  It  has  recent¬ 
ly  been  found9  that  r ^  <  10~7  s  in  PTCDA,  suggesting  a 
minimum  carrier  velocity  due  to  diffusion  through  the  thin 
film  of  500  cm/s  for  pp  =  1  cnr/V  s. 

The  current  on  the  inorganic  side  of  the  heterojunction 
is  given  by 


where  Dp,  is  the  diffusion  constant  for  holes  in  the  inorganic- 
semiconductor  substrate  and  E  is  the  electric  field.  This 
equation  is  solved  using  Eq.  (7)  along  with: 

p(.x)  =jVMexp[  -qifi(x)/kT]  ,  (12) 

where  tf>(x)  is  the  energy  difference  between  the  valence- 
band  maximum  and  the  substrate  quasi-Fermi  level  ( Fig.  1 ) , 
and  N„  is  the  effective  valence-band  density  of  states  for  the 
inorganic  material. 

Using  Eqs.  (7),  (11),  and  ( 12)  gives 
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J=  [^,,<0/(1  +  <Vc)^d)] 

X  exp(  —  qtf>Bp/kT)  [exp(  —  qV D/kT)  -  1]  .  (13) 

Here,  4>Sp  is  the  diffusion  potential  due  to  the  OI-HJ  barrier 
and  vd  is  the  inorganic  material  diffusion  velocity  given  by 

where  WD  is  the  depletion  region  width. 

We  now  express  the  barrier  diffusion  potential,  <f>Bp  in 
terms  of  the  valence-band  discontinuity  energy  A E„.  For 
isotype  heterojunctions1: 

A£„  =  q</>Bp  +  A,  —  A0  ,  (15) 

where  A,  and  A„  are  the  energy  differences  between  the  equi¬ 
librium  Fermi  levels  in  the  bulk  of  the  semiconductor  sub¬ 
strate  and  organic  thin  film,  respectively.  That  is,  for  the 
inorganic  material: 

A,  =  —  kT\n(ps/N„) ,  (16) 

where  />,  is  the  equilibrium  hole  concentration.  An  expres¬ 
sion  similar  to  Eq.  ( 16)  is  also  used  to  determine  A0.  , 

Equation  (15)  implies  that,  under  certain  conditions, 
<f>Bp  is  bias  dependent.  Since  the  equilibrium  carrier  concen¬ 
tration,  Pof  in  the  organic  layer  is  relatively  small  in  many 
crystalline  organic  compounds,  then  under  conditions  of 
large  injected  currents  where  pinj  >p0,  the  value  of  A0  can 
change  significantly  from  its  equilibrium  value.  As  A2T„  is  an 
intrinsic  property  of  the  HJ  which  is  unaffected  by  the  pres¬ 
ence  of  injected  charge,  we  therefore  conclude  that  4>Bp  must 
also  be  bias  dependent.  This  dependence  is  in  addition  to 
relatively  small10  image  force  lowering  of  <t>Bp.  In  effect, 
when  p,aj  >p0,  A0  must  decrease,  thereby  inducing  a  corre¬ 
sponding  decrease  in  <t>Bp .  This  effect  is  very  pronounced  in 
OI  diodes,  whereas  in  Schottky  devices  it  is  negligible  due  to 
the  large  free-carrier  concentration  in  the  metal  contact. 
Thus,  Eq.  ( 1 3 )  is  similar  to  that  which  is  obtained  in  the  case 
of  Schottky  barriers,1 1  with  the  exception  that  for  OI  devices 
iBp  can  be  voltage  dependent  under  strong,  forward  biased 
current  injection.  Also,  (uc )  is  used  in  place  of  uc,  i.e.,  the 
“collection”  velocity  of  the  metal  contact  Nevertheless,  if 
■iflp  is  measured  under  low  injection  conditions,  the  valence- 
band  discontinuity  energy  (or  conduction-band  discontin¬ 
uity,  A£c,  in  the  case  of  n-type  substrates)  can  be  inferred 
using /;0. 

Equation  ( 13)  is  also  similar  to  the  results  obtained  for 
thermionic  emission  over  the  OI  barrier,7  except  that  the 
exponential  prefactor  for  TE  limited  currents  used  in  pre¬ 
vious  work  is  simply  A  *T2,  where /f  *  is  the  Richardson  con¬ 
stant.  If/se  is  the  current  due  to  thermionic  emission  over  a 
Schottky-like  OI  barrier,  and  recognizing  that  in  most  cases 
(ve)/vB  <  1  (Sec.  Ill),  then 

J/Jsb  -  (vc)(2irm*/kD'n ,  (17) 

where  m*  is  the  effective  mass  of  holes  in  the  inorganic  sub¬ 
strate.  Taking  (uc )  =  103  cm/s  (see  Sec.  Ill),  m*  =  mQ 
(where  mn  is  the  electron  rest  mass),  and  T  =  300  K,  we 
obtain ///SB  »3.7x  10-4.  As  the  forward  bias  is  increased, 
(ve)  is  also  increased  [Eq.  (9)].  In  this  case,  J /J-rz  ap¬ 
proaches  1,  implying  that  the  conduction  mechanism  under 
strong  forward  injection  approaches  that  of  an  ideal 
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Schottky  diode.  Here,  the  organic  material  becomes  degen¬ 
erate  due  to  the  presence  of  a  high  density  of  injected  charge, 
and  hence  its  behavior  approximates  that  of  a  metal  contact. 
Indeed,  the  ratio  J /JSB  is  a  qualitative  measure  of  the  valid¬ 
ity  of  the  use  of  the  Schottky  approximation  in  analyzing  OI 
diode  transport.  Clearly,  this  approximation  fails  at  low  cur¬ 
rent  injection,  where  (uc )  becomes  small. 

Using  these  current-voltage  relationships,  we  can  calcu¬ 
late  the  potential  distribution  across  the  entire  OI  diode,  as¬ 
suming  that  there  is  no  significant  charge  trapping  in  the 
device  volume.  In  this  case,  Eqs.  (4)  and  (13)  are  equal. 
Furthermore,  the  applied  voltage  is  given  by4 

V,  =  VD  +  Va  +  V0*nVD  +  V0,  (18) 

where  Va  is  the  voltage  drop  across  any  interfacial  (oxide  or 
trap)  layer  existing  between  the  organic  and  inorganic  lay¬ 
ers,  respectively,  and  n  >  1  is  the  n  value  in  the  exponential 
voltage  dependence  of  the  dark  current  under  forward  bias. 

In  Fig.  4  we  plot  the  various  forward  biased  component 
voltages  as  a  function  of  Va ,  assuming  two  values  of  OI  bar¬ 
rier  height.  Other  parameters  used  in  this  calculation  are 
similar  to  those  in  Fig.  3.  Also,  we  take  n—  1.5,  T=  300  K, 
N"  =  2x  1019cm-ifor;7-Si,  and  (i/c)  is  given  by  the  greater 
of  Eq.  (9)  or  ( 10),  which  is  a  function  of  the  voltage  drop 
across  the  organic  thin  film.  As  expected,  at  low  forward  bias 
the  voltage  is  predominantly  dropped  across  the  inorganic 
substrate  (i.e.,  VD  >  Va,  V0).  At  higher  voltages,  SCL  trans¬ 
port  through  the  organic  layer  dominates,  leading  to  a  larger 
voltage  drop  across  the  organic  thin  film.  The  shift  between 
ohmic  and  SCL  transport  in  the  film  is  evidenced  by  the 
change  in  slope  in  the  curves  at  the  value  of  Va  where  all  the 
voltage  components  are  approximately  equal.  Below  this 
transition  point,  we  expect  the  J-V characteristic  to  depena 
exponentially  on  VazsV0a&  indicated  by  Eq.  ( 1 3 ) .  At  high¬ 
er  voltages,  Va  a  V0,  and  in  this  case  typical  of 

SCL  transport.  Note  that  the  transition  from  TE  to  SCL 
dominated  currents  occurs  at  lower  values  of  V„  as  the  OI 
barrier  height  is  decreased.  This  results  since  the  current  is 
higher  at  a  given  voltage  as  the  barrier  height  is  lowered  [cf. 
Eq.  (13)]. 

Under  the  reverse  bias,  V0  and  Va  are  considerably 
smaller  than  VD  due  to  the  small  leakage  currents  character- 


FIG.  4.  Component  voltages  vs  applied  voltage  fora  forward  biased  OI-HJ 
diode,  assuming  two  different  barrier  potentials  of  0.6  and  0.5  V.  Here,  VD, 
Vu ,  and  Y0  correspond  to  the  voltage  across  the  substrate  depletion  region, 
interfacial  region,  and  thin  film,  respectively.  A  film  thickness  of  1000  A  is 
assumed. 
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FIG.  5.  Component  voltages  vs  reverse  applied  voltage  for  the  device  in  Fig. 
4. 


istic  of  OI-HJ  structures.  The  division  of  voltages  in  reverse 
biased  devices  has  been  treated  in  detail  elsewhere,4  and 
hence  is  shown  for  only  a  single  set  of  conditions  in  Fig.  5  for 
reference. 

The  validity  of  the  assumptions  leading  to  the  expres¬ 
sion  for  current  density  [  Eq.  (13)]  needs  to  be  tested.  This  is 
particularly  important  since  the  magnitude  of  J/J SB  in  Eq. 
( 17)  is  significantly  less  than  one,  such  that  large  errors  in 
determining  the  barrier  energy  from  the  forward  current- 
voltage  characteristics  can  be  incurred.  To  distinguish 
between  the  diffusion  and  thermionic  models,  we  note  that 
the  total  saturation  current  density,  Jz ,  is  given  by 

J ,  =  J0  exp(  -  q<pBp/kT)  ,  ( 19) 

where  J0  is  equal  to  either  the  prefactor  in  Eq.  ( 1 3 ),  or  in  the 
case  of  pure  thermionic  emission,  J0  =  A  *T2.  Thus,  a  plot  of 
log(y, )  vs  \/T should  be  nearly  exponential,  with  small  de¬ 
viations  due  to  the  weak  temperature  dependence  of  J0.  The 
slope  of  this  plot  gives  the  barrier  energy  and  the  intercept 
with  the  log (7, )  axis  yields  log(70). 

In  Fig.  6(a)  is  shown  the  temperature  dependence  of  the 
forward  biased  J-V  characteristics  of  an  In/PTCDA/p-Si 
device  (cf.  Fig.  4,  Ref.  12).  From  the  intercept  of  these 
curves  with  the  Va  =  0  =  VD  axis,  we  obtain  the  saturation 
current  as  a  function  of  T,  which  is  replotted  in  Fig.  6(b). 
The  saturation  current  density  is  thermally  activated,  and  a 
least-squares  fit  to  the  data — as  indicated  by  the  solid  line — 
gives as  0.56  ±  0.02  V  and/,,  =  1700  A/cm:.  This  value 
for  the  barrier  height  is  significantly  smaller  than  the  “ap¬ 
parent”  values  obtained  using  thermionic  emission,  where 
<j>Bp  —  0-75  V  is  typical  for  these  diodes.  Furthermore, 
J„  =  A*T2=9X  10*  A/cm’  for  p-Si  Schottky  diodes,  which 
is  several  orders  of  magnitude  larger  than  the  value  of  J0 
actually  obtained.  Returning  to  Eq.  (13),  we  see  that  for 
( v ' )/vd  4 1,  then  J„  =  qN„ (vc).  Using  J0  =  1700  A/cm2, 
and  Nm  -  2X  10”  cm-3  for  p-Si,  then  (uc)  =  450  cm/s. 
This  is  in  satisfactory  agreement  with  the  lower  limit  value  of 
500  cm/s  previously  estimated  using  carrier  lifetime  data. 


FIG.  6.  (a)  Forward  current-voltage  characteristics  of  an  In/PTCDA/p-Si 
diode  measured  at  several  different  temperatures  (cf.  Ref.  12).  The 
PTCDA  thickness  is  2000  A.  ( b )  Saturation  current  density  vs  l/T  for  the 
diode  in  (a).  The  solid  line  represents  a  best  fit  to  the  data,  and  gives  a 
barrier  diffusion  potential  of  iSf  =  0.56  V,  and  an  intercept  with  the  J,  axis 
of  Jq  —  1700  A/ cm". 


This  result  is  therefore  in  strong  support  of  the  model  of 
current  transport  across  the  OI-HJ  barrier  limited  by  both 
diffusion  and  drift  [Eq.  ( 13)  ].  Using  d>Bp  =  0.56  +  0.02  V 
along  with  Eq.  ( 1 5 ),  a  valence-band  discontinuity  energy  for 
PTCDA/p-Si  devices  of  A E„  =  (0.48  +  0.02)  eV  is  ob¬ 
tained.  To  our  knowledge,  this  represents  the  first  such  mea¬ 
surement  of  an  energy-band  discontinuity  in  crystalline  or¬ 
ganic/inorganic  semiconductor  heterojunctions. 

The  values  for  <j>Bp  obtained  through  the  use  of  Eq.  ( 13 ) 
are  still  subject  to  errors  induced  by  approximations  used  in 
developing  the  transport  model.  In  particular,  although 
there  is  no  direct  evidence  of  a  high  density  of  surface 
charge,6  one  would  expect  that  such  interfacial  defects  could 
affect  the  measurement  of  A£„  using  J-V  analysis.  There¬ 
fore,  A £„  was  also  measured  via  internal  photoemission. 

In  Schottky13  or  isotype  heterojunction'14  barriers,  free 
majority  carriers  can  be  photoexcited  over  the  barrier  by 
sub-band-gap  energy  photons.  The  photocurrent  (/ph )  in¬ 
duced  per  photon  absorbed  is  given  by 15 

/ph<x(Av-A£„)2,  (20) 

where  h  is  Planck’s  constant  and  v  is  the  frequency  of  the 
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incident  light.  To  directly  measure  A E„  in  OI-HJ  devices, 
the  photoemission  current  spectrum  for  a  PTCDA/p-Si  di¬ 
ode  was  investigated.  For  this  experiment,  the  diode  was 
fabricated  in  the  same  manner  as  that  used  in  obtaining  the 
data  in  Fig.  6.  This  diode  was  placed  perpendicular  to  a 
chopped  ( 1  kHz)  monochromatic  light  source  incident  via 
the  substrate  such  that  light  with  hv  greater  than  the  band 
gap  of  Si  was  filtered  out  before  reaching  the  diode  active 
area  at  the  OI  interface.  To  further  suppress  the  signal  due  to 
the  fundamental  absorption  in  Si,  a  second  Si  wafer  was 
placed  between  the  light  source  and  the  OI  diode.  The  band 
gap7  of  PTCDA  is  2.2  eV,  such  that  no  direct  absorption  in 
the  organic  material  is  expected  in  this  experiment. 

The  resultant  photoresponse  as  a  function  of  light  ener¬ 
gy  and  wavelength  is  shown  in  Fig.  7(a).  In  obtaining  these 
data,  the  OI  diode  was  operated  at  Va  —  0.  A  maximum 
response  is  clearly  observed  in  the  photoemission  spectrum 
at  0.57  eV.  No  signal  is  observed  between  the  energy  of  this 
peak  and  the  band  edge  of  Si.  The  peak  height  did  not  change 
with  temperature  (varied  from  20  to  100  ’C)  or  light  chop¬ 
ping  frequency  (varied  from  100  Hz  to  2  kHz).  Further¬ 
more,  the  peak  was  unaffected  by  strong  white  light  illumi¬ 
nation  (or  bleaching)  incident  on  the  thin-film  surface. 
Finally,  an  In/PTCDA/indium-tin-oxide  device  was  also 
fabricated  and  illuminated  in  the  same  wavelength  region  as 
the  In/PTCDA//>-Si  sample.  However,  the  former  device 
had  no  photoresponse  peak  as  that  shown  in  Fig.  7(a),  indi¬ 
cating  that  the  peak  is  not  due  to  a  photoemission  process  in 
the  PTCDA  itself.  These  observations,  coupled  with  the  rel¬ 
atively  high  intensity  of  the  signal,  rule  out  the  possibility 
that  the  peak  is  due  to  a  high  density  of  traps  in  the  semicon¬ 
ductor  bulks  or  at  the  OI-HJ  interface. 

We  attribute  this  response  to  the  photoemission  of  carri¬ 
ers  from  the  highest  occupied  molecular  orbital  (or 
HOMO)  in  PTCDA  to  the  valence-band  maximum  in  p- Si 
over  the  interface  barrier  energy.  However,  note  that  the 
signal  shown  in  Fig.  7(a)  is  considerably  different  than  that 
predicted  for  photoemission,  where  we  expect  a  monotonic 
increase  in  /ph  with  energy.  The  dip  in  the  OI-HJ  photoemis¬ 
sion  data  at  high  energy  can  be  understood  in  terms  of  the 
band  diagram  in  the  inset  of  Fig.  7(a)  where  the  widths  of 
the  organic  energy  bands  are  indicated  by  the  crosshatched 
regions. 16  Unlike  Schottky  diodes  or  inorganic  semiconduc¬ 
tors,  molecular  semiconductors  are  characterized  by  rela¬ 
tively  narrow  bands,  with  a  high  density  of  states  within 
those  bands.  Optical  absorption  experiments7  have  shown 
that  the  total  HOMO  plus  LUMO  (lowest  unoccupied  mo¬ 
lecular  orbital)  bandwidth  is  0.9  eV  for  PTCDA.  If  we  now 
assume  that  the  valence  bandwidth  is  on  the  order  of  A Ev , 
then  the  peak  absorption  occurs  at  photon  energies  compar¬ 
able  to  this  barrier  height  [  processes  “a”  and  “c”  in  the  inset 
of  Fig.  7(a)  ].  However,  as  the  photon  energy  increases  the 
transitions  are  forbidden  in  the  organic  material  as  a  result  of 
the  narrow  bandwidth  (process  “b  ”),  and  hence  a  decrease 
in  with  increasing  hv  is  observed.  Finally,  for  h v  <  AF„ , 
the  photon  has  insufficient  energy  for  photoemission 
to  occur. 

From  these  arguments,  the  photocurrent  on  the  long 
wavelength  side  of  the  peak  should  follow  Eq.  ( 20 ) .  Thus,  in 


photon  energy  ( eV  1 


FIG.  7.  (a)  Photoemission  spectrum  of  an  In/PTCDA/p-Si  heterojunction 
diode.  Inset:  Band  diagram  of  the  OI-HJ  showing  the  allowed  emission  pro¬ 
cesses  ("a”  and  “c")  and  the  forbidden,  high-energy  process  "A."  The 
crosshatched  regions  refer  to  width  of  the  organic  bands,  (b)  The  square 
root  of  the  photocurrent  on  the  long  wavelength  branch  of  the  response 
peak  in  (a )  plotted  vs  photon  energy.  The  intercept  of  the  straight  line  fit  to 
the  data  with  the  (/^ )  'n  =  0  axis  gives  A E,  =  (0.50  ±0.01)  eV. 


Fig.  7(b)  we  plot  (7ph ) 1/2  vs  photon  energy  (hv),  and  find 
that  the  dependence  is  linear  along  nearly  the  entire  long 
wavelength  edge.  The  intercept  of  these  data  with  the  energy 
axis  gives  A E„  =  (0.50  ±0.01)  eV,  a  value  consistent  with 
that  obtained  from  the  /-^analysis. 

Accurate  determination  of  the  barrier  height  as  pro¬ 
vided  above  has  important  implications  as  to  the  interpreta¬ 
tion  of  the  mechanisms  affecting  the  formation  of  OI-HJ 
contact  barriers.  For  example,  as  discussed  in  Sec.  I,  mea¬ 
surements  of  the  density  of  interface  states  using  the  SOISAS 
technique  are  affected  by  the  value  of  the  OI-HJ  barrier  ener¬ 
gy.  In  Fig.  8  is  shown  the  density  of  states  in  equilibrium  with 
a  p-Si  substrate  (Z>„ )  as  a  function  of  energy  in  the  Si  band 
gap  for  a  Cu-phthalocyanine/p-Si  OI-HJ.  The  solid  line  cor¬ 
responds  to  the  data  assuming  an  apparent  barrier  height  of 
0.70  V  as  determined  from  thermionic  emission  theory,6  and 
the  dashed  line  is  this  same  data  replotted  assuming  a  barrier 
height  of  0.50  V,  which  would  be  obtained  from  Eq.  ( 13), 
assuming  the  hole  velocity  in  Cu-phthalocyanine  (CuPc)  is 
approximately  the  same  as  that  in  PTCDA.  This  latter  as- 
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FIG.  8.  Density  of  surface  states  ( Dlt )  vs  potential  at  the  Si  surface  for  a 
CuPc/p-Si  heterojunction.  The  solid  line  refers  to  data  from  Ref.  6  using  a 
barrier  height  of  0.7  V.  The  dashed  line  is  for  this  same  data  except  that 
=  0.5  V  estimated  using  the  OI-HJ  current  model.  The  arrow  labeled 
"Cu"  corresponds  to  the  position  of  the  Cu  acceptor  defect  level  in  bulk  Si. 
Also,  E,  and  £„  refer  to  the  conduction  and  valence-band  extrema  in  Si, 
respectively. 

sumption  is  justified  by  the  nearly  equal  hole  mobilities  of 
these  two  organic  compounds.  Thus,  the  position  of  the  trap 
density  curve  is  linearly  related  to  the  barrier  energy. 

We  note  that  the  large  peak  value  for  Da  for  CuPc/p-Si 
OI-HJs  has  been  attributed6  to  reactions  between  these  two 
materials  at  the  heterointerface,  resulting  in  free  Cu  at  the  Si 
surface.  The  corrected  data  appear  to  support  this  model, 
since  the  peak  in  nearly  coincides  with  the  Cu  acceptor 
defect  energy  of  0.52  eV  above  the  valence-band  maximum 
in  Si.17  The  position  of  this  Cu  defect  is  indicated  by  the 
vertical  line  in  Fig.  8.  Hence,  knowledge  of  the  actual,  rather 
than  the  apparent  values  for  Sg  is  central  to  our  understand¬ 
ing  of  the  OI-HJ  barrier. 

For  purposes  of  comparison,  OI-HJ  energy  barrier 
heights  measured  assuming  both  thermionic  emission  and 
diffusion-limited  transport  models  are  given  in  Table  I. 
These  data  are  for  PTCDA-based  OI-HJ  diodes  only,  and 
are  taken  from  Ref.  2.  Also  included  in  the  table  are  values  of 

for  selected  OI-HJs  as  inferred  from  the  diffusion  model 
values  of  d>Bp  using  Eq.  (15). 

111.  CARRIER  VELOCITIES 

The  earner  velocity  ( vc )  in  the  thin  film  is  determined 
using  Eqs.  (9)  and  ( 10).  The  results  for  forward  biased  de¬ 


vices  are  given  in  Fig.  9.  Here,  the  velocity  is  plotted  for 
several  values  of  thin-fiim  hole  mobility  ranging  from  0.01  to 
1  cm2/V  s,  and  for  two  values  of  tj>Bp  (cf.  Fig.  2  for  other 
parameters  used).  It  is  apparent  that  the  carrier  velocity 
strongly  depends  on  voltage,  VD,  with  (uc)  increasing  ex¬ 
ponentially  when  VD  >0.3  V.  Velocities  as  high  as  105  cm/s 
are  expected  for  thin  films  with  high  mobilities,  and  for  di¬ 
odes  with  barrier  heights  of  0.50  V.  The  dependence  of  these 
curves  on  VD  is  a  result  of  the  increase  of  (uc )  with  voltage 
V0,  when  V0>  kT/q.  At  low  voltage,  the  electric  field  in  the 
thin  film  is  small,  such  that  diffusion  dominates.  In  this  case, 
{uc)  is  given  by  Eq.  ( 10),  where  rp  =  1 .0  ps  was  assumed  in 
these  calculations.  As  VD  increases  beyond  0.3  V,  the  vol¬ 
tage  drop  across  the  thin  organic  film  increases  due  to  the 
transition  into  the  SCL  current  regime.  The  velocity  at  a 
given  voltage  decreases  as  the  barrier  height  increases  due  to 
the  reduced  forward  current,  hence  resulting  in  a  lower  vol¬ 
tage  drop  across  the  thin  film. 

The  above  treatment  assumes  a  constant  hole  mobility 
in  the  organic  crystal,  independent  of  the  magnitude  of  the 
applied  electric  field.  The  relatively  high  mobility  of  holes 
arises  from  the  large  overlap  of  electronic  wave  functions  in 
the  s-p  orbitals  of  adjacent  molecules  in  a  crystalline  stack. 
At  the  highest  electric  fields,  it  is  expected1819  that  the  mo¬ 
bility  will  decrease  somewhat  due  to  the  increased  genera¬ 
tion  of  phonons.  Such  processes  depend  on  temperature, 
crystallinity,  and  film  purity,  and  need  to  be  taken  into  consi¬ 
deration;  especially  under  large  forward  bias. 

Under  reverse  bias,  the  electric  field  in  the  thin  film  is 
small,  such  that  the  drift  velocity  is  much  smaller  than  the 
diffusion  velocity  [Eq.  ( 10)  ]  for  all  but  the  smallest  values 
of  d>Bp .  Hence,  under  reverse  bias,  (vc)  varies  from  100  cm/s 
to  approximately  2000  cm/s,  depending  on  the  mobility  and 
lifetime  of  holes  in  the  organic  layer.  For  these  conditions  the 
film  will  respond  to  even  low-frequency  signals  as  if  it  were  a 
leaky  dielectric  in  a  metal-insulator-semiconductor  (MIS) 
capacitor.  However,  due  to  the  high  conductivity  of  the  thin 
film  compared  with  that  of  glassy  insulators  such  as  SiO-,  it 
is  not  possible  to  strongly  invert  the  surface  of  the  OI  diode. 
As  greater  reverse  voltages  are  applied  such  that  the  Fermi 
level  at  the  OI  interface  is  brought  to  well  above  the  center  of 
the  inorganic  semiconductor  band  gap,  the  minority  carriers 
(electrons)  arriving  from  the  semiconductor  bulk  are  either 


TABLE  I.  Barner  energies  for  selected  PTCDA-on-inorganic  semiconductor  diodes  using  thermionic  emission  and  diffusion  models. 


Inorganic 

substrate 

Majority- 
carrier  type 

y // te  4 

qiBr  (eV) 

TE 

diffusion 

if,.  *(eV) 

Si 

n 

2.0x  10~J 

0.61  ±0.01 

0.39  ±  0.01 

p 

l.4x  10'4 

0.75  ±  0.02 

0.56  ±  0.02 

0.50  ±  0.02 

Ge 

p 

6.6X10'5 

0.55  ±  0.03 

0.30  0.03 

0.25  ±0.04 

GaSb 

p 

1.2X  10~* 

0.60 

0.37 

0.29  ±  0.04 

n 

3.9x10'’ 

ohmic 

ohmic 

GaAs 

n 

5.2X10'’ 

0.64 

0.39 

p 

1.4X10'4 

0.75 

0.52 

0.43  ±  0.05 

InP 

n 

5.5x10-’ 

0.55 

0.30 

*  Values  at  T  =  300  K,  with  (u,  >  =  500  cm/s. 

*  if „  for  p-type  substrates  only.  For  these  calculations  m*  =  m„  for  PTCDA.  The  value  for  p- Si  is  measured;  whereas  for  other  materials.  if,,  is  calculated 
using  obtained  from  Ref.  2  and  reproduced  here  Doping  of  p-Si  and  p-GaSb:  5x  10*’  cm'5;  p-Ge:  5X  10M  cm'5;  and  p-GaAs:  2X  10'*  cm'5. 
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FIG.  9.  Mean  carrier  velocity  ( <u, ) )  vs  voltage  across  the  substrate  for  OI- 
HJ  diodes  using  organic  thin  films  with  different  mobilities,  and  assuming 
barrier  heights  of  0.5  and  0.6  V  For  these  curves,  a  film  thickness  of  1000  A 
and  a  hole  lifetime  of  1  fi s  are  assumed. 


TABLE  II.  Operating  regimes  for  organic-on-inorgamc  semiconductor  he¬ 
terojunctions. 


Regime 

Voltage 

range- 

Current 

density 

(cm/s) 

p , 

Organic 

conductivily 

Schottky 

-  K,»4„ 

j>j< 

1 0“- 1  O'* 

>Pn 

SCL 

MIS 

1  V.\SE,/q 

-100-I04 

-A. 

leaky 

insulator 

HJ 

y„  <  v.  «t>* 

100-I0J 

<Po 

ohmic 

“  Positive  voltage  refers  to  reverse  bias  for  p-type  substrates. 


swept  across  the  organic  film  and  collected  at  the  metal  con¬ 
tact,  or  else  they  recombine  with  injected  holes  arriving  at 
the  OI  interface  from  the  metal  contact.  In  either  case,  this 
leakage  current  density  is  determined  by  the  rate  at  which 
minority  carriers  are  generated  within  the  inorganic  semi¬ 
conductor. 

Turning  now  to  the  carrier  velocity  in  the  inorganic  sub¬ 
strate,  Eq.  ( 14)  must  be  solved  to  obtain  the  diffusion  veloc¬ 
ity,  vd.  Assuming  that  the  doping  density  in  the  substrate 
(NA  )  is  uniform,  the  potential  ib(x)  (see  Fig.  1 )  is  parabolic. 
Thus: 

\J/(x)  =  qNA  (  WD  —  x  +  1)2/2ks  +  As/q  ,  (21) 

where  ks  is  the  semiconductor  permittivity.  Substituting  this 
into  Eq.  ( 14)  gives11 

vdszDp,/2LD  =  pp,kT/2qLD  ,  (22) 

where pps  =600  cmW  s  is  the  hole  mobility  in  the  (Si)  in¬ 
organic  material,  and  LD  ~  1000  A  is  the  Debye  screening 
length.10  From  this  expression,  we  obtain  vd  ~  106  cm/s  at 
room  temperature. 

One  additional  characteristic  velocity  of  the  OI  diode  is 
the  hole  drift  velocity  in  inorganic  semiconductor,  which 
limits  the  rate  at  which  holes  can  transit  the  depletion  region 
under  reverse  bias.  For  most  cases,  this  approaches  the  satu¬ 
ration  velocity  of  holes  in  p- type  semiconductors,  which  is 
typically  between  5  and  10X  10®  cm/s. 

Thus,  we  find  that  under  nearly  all  bias  regimes,  the  OI 
diode  satisfies  the  condition  that  (vc)/vd  4 1.  Furthermore, 
due  to  the  large  range  over  which  (vc )  can  vary  for  a  small 
change  in  bias  near  VD  =  0,  we  have  the  circumstance  that 
the  OI  diode  changes  its  behavior  from  “Schottky-like"  un¬ 
der  large  forward  bias,  to  a  “MIS-like”  regime  under  small 
forward  and  reverse  voltages.  Under  large  reverse  voltage, 
the  device  enters  a  “heterojunctionlike”  regime  whereby  mi¬ 
nority-carrier  generation  in  the  semiconductor  substrate  is 
balanced  by  recombination  at  the  OI  interface,  thereby  pre¬ 
venting  charge  inversion.  The  “heterojunction”  regime  also 
allows  for  Zener,  or  avalanche  breakdown  to  occur  at  the 
largest  applied  reverse  voltages. 7 

The  characteristics  of  these  various  modes  of  OI-HJ  op¬ 


eration  are  summarized  in  Table  II.  In  the  table,  p,  refers  to 
the  density  of  holes  at  the  OI  interface,  which  is  calculated  in 
Sec.  IV.  The  last  column  labeled  “organic  conductivity” 
gives  a  qualitative  description  of  the  current  transporting 
nature  of  the  thin  film  in  each  of  the  various  bias  regimes. 
More  discussion  of  this  unusual  character  of  the  OI-HJ  is 
presented  in  Sec.  V. 

IV.  QUASI-FERMI  LEVELS 

To  calculate  the  position  of  the  quasi-Fermi  level  (or 
imreD  within  the  organic  thin  film,  we  employ: 

EFp(x) -£„0  =kT\o$[Nv0/p(x))  ,  (23) 

where  Nu0  is  the  valence-band  effective  density  of  states  [cfi, 
Eq.  ( 16)  ],  and  Ev0  is  the  energy  of  the  valence-band  maxi¬ 
mum  (or  HOMO)  in  the  organic  film.  In  Fig.  10, 
EFp  (x)  —  Ev o  is  plotted  as  a  function  of  x,  where  p(x)  is 
obtained  with  the  aid  of  Eqs.  (3)— (5).  This  function  dips 
toward  the  valence-band  maximum  at  the  metal  anode  [i.e., 
EFp  (0)  —  £„0  ],  increasing  to  a  nearly  constant  value  as  the 
OI  interface  is  approached.  By  examining  the  position  of  the 
imref  at  x  =  f,  we  see  that  while  V0  increases  from  5  mV  in 
the  ohmic  regime  to  100  mV  in  the  SCL  regime  (Fig.  3), 
EFp(t )  —  Ev0  changes  by  only  30  meV.  That  is,  the  relation¬ 
ship  between  the  imref  position  at  the  OI  interface,  and  the 
voltage  applied  to  the  thin  film  (  K0),  is  sublinear.  Further¬ 
more,  under  reverse  bias,  the  conduction  mechanism  within 
the  thin  film  is  nearly  always  ohmic  in  nature,  suggesting 
that  V0  is  generally  less  than  10  mV  for  all  bias  levels  of 
interest.  Therefore,  it  can  be  concluded  that  under  reverse, 
oreven  moderately  large  ( 5' 0.7V)  forward  biases,  the  imref 
position  at  the  organic  side  of  the  OI-HJ  is  only  a  weak  func¬ 
tion  of  voltage  dropped  across  the  layer.  This  is  consistent 
with  assertions^  that  the  occupancy  of  traps  in  equilibrium 
with  the  thin  film  does  not  change  significantly  with  bias, 
and  hence  their  contribution  to  total  diode  admittance  is 
generally  small. 

To  calculate  the  imref  in  the  inorganic  substrate,  we 
assume  that  the  doping  is  uniform,  in  which  case  the  poten¬ 
tial  distribution.  t/Hx),  is  given  by  Eq.  (21 ).  Substituting  Eq. 
(21)  into  Eq.  ( 1 1 ),  and  using  Eq.  (23)  (withA„5  substituted 
for  N„n  )  one  then  obtains: 


,^t(t  exp(  -/3)D(0/0)txp(d20)  1  -  exp(qVD/kD  ]\ 
EFp(x)  ~  qVo  =  *7” In  I - — - —P=r - . 

V  vd/{vc)  +  D  (v7?  )  / 


(24) 
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FIG.  10.  Quasi-Fermi  energy  (£f> )  vs  position  within  the  organic  film  for 
several  different  bias  regimes.  Parameters  used  in  this  calculation  are  the 
same  as  those  in  Fig.  3. 


where  the  normalized  position  is  6  =  (  WD  +  t  —  x)/WD, 
and20 

—  r* 

D(q0  )  =exp(  —  0)  exp(t  ~)dt 


=  ip  exp(  -0)  £  — - — 

,~o  (2/i  t  1  )/t! 

Here  0  is  the  band  bending  parameter,  given  by 

/?  =  -q[MWD) -ip(t)]/kT. 


To  determine  EFp  at  the  semiconductor  surface,  Eq.  (24)  is 
solved  at  Q  =  1,  giving: 


EFp  — 


=  kT\  n 


vd/(ve)  4-  D  (j0)exp(gVD/kT) 
vd/{vc)  +d{4W) 


This  is  similar  to  the  result  obtained  for  Schottky  barrier 
diodes, ' '  except  that  (vc )  is  the  mean  carrier  velocity  in  the 
organic  layer  rather  than  the  collection  velocity  in  the  metal, 
and  VD  is  used  in  place  of  Va . 

Itisapparentthatthemagnitudeofyd/(yc)  determines  . 
the  functional  dependence  of  EFp  on  voltage.  For  example, 
under  forward  bias  where  VD  <0,  and  where  ud/(uc)  is 
large  (as  is  the  case  for  most  OI  diodes,  see  Sec.  Ill),  Eq. 
(27)  reduces  to  EFp  (f)  —  q VD  =  0.  That  is,  the  imrefis  flat 
throughout  the  substrate,  independent  of  voltage,  thereby 
allowing  the  majority-carrier  imref  in  p-type  diodes  to  sweep 
through  the  lower  half  of  the  band  gap  with  V„.  Under  re¬ 
verse  bias,  VD  >  0,  implying  that  EFp(t )  —  qV D  =  0  as  long 
as  the  second  term  in  the  numerator  of  Eq.  (27)  is  smaller 
than  vd/{uc).  For  small  reverse  biases,  this  is  indeed  the  case 
in  OI  diodes.  On  the  other  hand,  for  Schottky  diodes  where 
vd/ ( V' )  a  1 ,  the  second  term  dominates  at  almost  all  applied 
voltages.  In  this  latter  case, 

EFp(t)-qVD=  -qVD,  (28) 

which  results  in  the  surface  imref  being  “pinned"  to  its  value 
at  VD  =  0. 

Returning  to  Eq.  (27),  we  can  calculate  the  potential  at 
the  inorganic  side  of  the  OI-HJ  as  a  function  of  VD  using  the 
values  determined  for  (vc )  in  Sec.  III.  The  surface  potential 
(Fig.  1 )  is  just 


qip(t)  =  qxb,  =  EFp(t)  +  q<t>np  ■ 


(29) 


In  Fig.  1 1,  is  plotted  versus  V D  for  both  forward  (  VD  <  0) 
and  reverse  ( VD  >  0)  bias.  This  function  is  determined  for 
several  barrier  heights.  For  comparison,  it  is  also  plotted  for 
a  Schottky  barrier  device,  where  vc  — 10“  cm/s.  It  can  be 
seen  that  the  surface  potential  for  a  Schottky  barrier  diode  is 
essentially  constant  under  reverse  bias,  as  expected  from  dif¬ 
fusion  and  thermionic  emission  theory. 1 1  On  the  other  hand, 
decreases  linearly  with  VD  under  forward  bias.  For  this 
reason,  the  Schottky  diode  is  useful  for  exploring  traps 
which  are  located  between  the  equilibrium  Fermi  level  and 
the  majority-carrier  band  edge,  as  has  been  suggested  by 
Barret  and  co-workers.21,22  This  is  due  to  the  ability  to 
“scan”  the  imref  through  the  trap  energies  by  changing  the 
applied  voltage,  and  hence  altering  the  net  trap  occupancy. 

In  the  case  of  the  OI  diode,  the  carrier  velocity,  (vc ),  is 
several  orders  of  magnitude  less  than  vd .  Thus,  the  surface 
potential  varies  linearly  with  VD  in  both  forward  and  reverse 
bias  over  nearly  the  entire  band  gap  of  the  inorganic  semi¬ 
conductor,  as  shown  in  Fig.  1 1.  This  result  is  largely  inde¬ 
pendent  of  hole  mobility  within  the  organic  film,  as  long  as 
the  mobility  is  in  the  range  typical  of  organic  crystalline  sol¬ 
ids23  <  10  cm2/V  s).  However,  if  the  barrier  height 

is  sufficiently  small,  the  surface  potential  cannot  be  brought 
near  to  the  minority-carrier  band  edge  due  to  the  increased 
leakage  currents.  Under  forward  bias,  the  behavior  of  the 
surface  potential  is  identical  to  that  of  the  Schottky  barrier 
device,  i.e.,  it  decreases  linearly  with  applied  voltage. 

Finally,  Fig.  12  is  a  plot  of  the  free-hole  concentration  in 
the  inorganic  mat  .a.  a.  the  OI  interface  [see  Eq.  (12)]. 
The  same  parameters  employed  in  Fig.  1 1  are  also  used  in 
th:s  figure.  The  surface  charge  concentration  is  seen  to  vary 
over  fourteen  decades  as  the  potential  changes  from  a  for¬ 
ward  bias  of  —  0.5  V  (where p,  ss  1015  cm-3),  to  a  reverse 
biasofO.5  V  <  withp,  =  1  cm-3).  The  surface  charge  density 
can  be  understood  directly  in  terms  of  the  carrier  velocity. 
For  example,  under  strong  forward  bias  (uc )  is  large,  result¬ 
ing  in  a  hole  transit  time  which  is  small  compared  with  r ^ . 
In  this  case, p,  must  be  very  large.  However,  as  (vc)  is  re¬ 
duced,  r pc  becomes  small  with  resepect  to  the  transit  time, 
thereby  depleting  the  thin  film  of  injected  charge  near  the  OI 
interface. 

t 


FIG.  II.  Potential  at  the  inorganic  semiconductor  surface  as  a  function  of 
voltage  across  the  depletion  region  for  OI-HJ  diodes  with  several  different 
values  of  barrier  energy.  The  surface  potential  for  a  Schottky  barrier  diode 
(with  barrier  energy  of  0.6  eV )  is  shown  for  comparison. 
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FIG.  12.  Hole  concentration  (pt )  at  the  OI-HJ  interface  as  a  function  of 
voltage  for  the  same  parameters  used  in  Fig.  11.  , 


V.  DISCUSSION  AND  CONCLUSIONS 

A  significant  result  of  this  work  is  that  the  transport 
theory  presented  in  Sec.  II  results  in  an  expression  for  diffu¬ 
sion-limited  current  in  OI-HJ  diodes  from  which  an  accu¬ 
rate  barrier  energy,  and  hence  A£u,  for  these  novel  hetero¬ 
junctions  can  be  determined.  Several  experimental  results 
have  also  been  presented  which  corroborate  the  theoretical 
treatment.  In  addition,  we  have  shown  that  the  majority- 
carrier  quasi-Fermi  level  in  OI-HJ  diodes  is  flat  throughout 
the  bulk  of  the  inorganic  semiconductor  substrate  for  small 
forward  and  reverse  bias  voltages.  Thus,  applying  a  bias  to 
the  OI-HJ  causes  the  majority-carrier  imref  to  sweep 
through  nearly  the  entire  semiconductor  bandgap.  Provided 
that  the  density  of  surface  states  at  the  OI-HJ  is  small 
(  5  1 0 1 2  cm  ~ 2  e V  ~ 1 ) ,  these  states  will  be  thermalized  as  EFp 
is  lowered  below  the  trap  energy,  and  thus  will  contribute  to 
diode  admittance.4'5  A  higher  surface  state  density  can  result 
in  Fermi  level  pinning  at  the  OI-HJ,  thereby  leading  to  non¬ 
linear,  and  hence  difficult  to  determine  relationships 
between  the  applied  voltage  Va ,  the  voltage  dropped  across 
the  substrate  VD ,  and 

The  dependence  of  the  quasi-Fermi  level  on  voltage  re¬ 
sults  from  the  relatively  low  carrier  velocities  and  carrier 
concentrations  in  the  organic  thin  film.  By  calculating  both 

md  (vc )  as  a  function  of  V0 ,  we  find  that  the  OI-HJ  has 
unique  electrical  properties  as  compared  with  conventional 
inorganic  semiconductor  devices.  For  example,  near  VD  eO, 
there  is  only  a  small  voltage  drop  across  the  organic  film,  and 
the  film  can  be  considered  similar  to  a  leaky  insulator.  Thus, 
the  device  at  low  voltages  behaves  like  a  MIS  capacitor 
whose  impulse  response  is  limited  by  the  thin-film  dielectric 
relaxation  time,  rdie,  =  K^/a.  Here  a  is  the  conductivity  of 
the  film,  and  is  typically7  a~  10~5  S/cm.  Using7 
=  0.37  X  10“ 12  F/cm,  we  obtain  ra 37  ns.  Hence,  under 


FIG.  13.  OI-HJ  impedance  ( \Z  |,  solid  lines)  and  phase  angle  (0,  dashed 
lines)  vs  frequency.  A  dielectric  relaxation  time  of  37  ns  is  assumed  for  the 
organic  thin  film.  These  functions  are  calculated  for  two  values  of  barrier 
conductance:  gD  =  2  and  200  pS,  the  latter  value  corresponding  to  a 
“leaky"  diode.  Also,  a  depletion  region  capacitance  of  CB  =  5  pF  is  as¬ 
sumed. 


reverse  or  low  forward  voltages,  the  OI-HJ  diode  varies  from 
a  resistive  response  at /<  l/2j7-rdie|  ==5  MHz  (depending  on 
the  inorganic  semiconductor  depletion  capacitance  CD )  to  a 
reactive  response  at  higher  frequencies.  The  impedance  and 
phase  versus  frequency  characteristics  of  a  typical  01  diode 
operated  in  the  MIS  regime  is  illustrated  in  Fig.  1 3,  assuming 
a  conductance  for  the  OI-HJ  barrier  ( gD  )  of  2  or  200  p S. 
The  latter  value  corresponds  to  a  “leaky”  OI-HJ  with  a  low 
barrier  potential,  <j>Bp.  In  this  case  the  organic  film  can  be 
approximated  by  a  resistor-capacitor  network  in  series  with 
a  resistor  due  to  the  HJ,  whose  characteristic  time  is  rdjel .  As 
the  network  becomes  reactive  (0>45°),  then  |Z|cc2n-/C, 
which  decreases  inversely  with  frequency.  For  less  leaky  bar¬ 
riers  (e.g.,  gD  =  2 /tzS),  the  network  is  in  series  with  capaci¬ 
tance  CD,  and  hence  becomes  reactive  at  frequencies  lower 
than  2i7TdiC| . 

Under  large  forward  bias,  the  diode  performs  analogous 
to  a  Schottky  diode.  In  this  case,  a  large  charge  density  (p,nl 
or  nmj )  is  injected  from  the  substrate  and  metal  contacts  into 
the  thin  film  such  that  nin)  or  pinl  >/?0.  Here,  conduction  in 
the  organic  material  becomes  extrinsically  space-charge  lim¬ 
ited.  This  effectively  “pulls”  the  Fermi  energy  to  the  organic 
band  edge,  hence  making  the  organic  material  degenerate. 
With  the  exception  that  the  resistance  of  the  thin  film  in  this 
regime  is  a  nonlinear  function  of  voltage,  in  most  other  re¬ 
spects  the  film  behaves  as  if  it  were  an  ohmic  metal  contact 
forming  a  Schottky  barrier  with  the  substrate.  In  the 
Schottky  regime,  the  carrier  velocity  ( vc )  can  be  as  high  as 
104-105  cm/s.  With  a  film  thickness  of  100  A,  a  response 
time  of  between  10  and  100  ps  would  result. 

Finally,  a  third  “htterojunction”  regime  is  obtained  un¬ 
der  moderate  to  large  reverse  bias  voltages.  The  poor  insulat¬ 
ing  properties  of  the  organic  material  prevent  the  OI-HJ  in¬ 
terface  from  being  strongly  inverted.  Hence,  under  reverse 
bias  this  charge  must  either  recombine  at  the  interface  with¬ 
in  the  bulk  of  the  film,  or  diffuse  to  the  ohmic  metal  contact 
made  to  the  film  surface.  As  the  bias  is  further  increased, 
large  electric  fields  are  developed  in  the  semiconductor  sub¬ 
strate,  leading  to  eventual  bulk  breakdown  in  the  inorganic 
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material.8  Note  that  when  large  breakdown  currents  are  de¬ 
veloped,  charge  transport  is  once  more  limited  by  space- 
charge  effects  in  the  organic  material,  similar  to  conditions 
of  large  forward  bias. 
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